Metastasis, the process by which cells spread from the primary tumor to a distant site to form secondary tumors, is still not fully understood. Although histological techniques have provided important information, they give only a static image and thus compromise interpretation of this dynamic process. New advances in intravital microscopy (IVM), such as two-photon microscopy, imaging chambers, and multicolor and fluorescent resonance energy transfer imaging, have recently been used to visualize the behavior of single metastasizing cells at subcellular resolution over several days, yielding new and unexpected insights into this process. For example, IVM studies showed that tumor cells can switch between multiple invasion strategies in response to various densities of extracellular matrix. Moreover, other IVM studies showed that tumor cell migration and blood entry take place not only at the invasive front, but also within the tumor mass at tumor-associated vessels that lack an intact basement membrane. In this Commentary, we will give an overview of the recent advances in high-resolution IVM techniques and discuss some of the latest insights in the metastasis field obtained with IVM.
Introduction
Complete surgical resection of the primary tumor is still one of the most efficient therapies for cancer. Unfortunately, cancer can progress to a stage at which tumor cells leave the primary tumor and spread to a distant organ to form a secondary tumor, a process referred to as metastasis. Complications caused by metastases are the major cause of cancer-related death, but this process is not fully understood.
Initially, it was thought that spread of tumor cells and subsequent metastasis formation are late events in tumor progression; however, more recently it was realized that it might instead be an early event (Hüsemann et al., 2008; Klein, 2009 ). In either case, tumor cells have to acquire certain traits that allow them to escape from the primary tumor site and home in on and colonize a secondary site (Fig. 1) . These gained properties, such as survival, invasiveness and motility, allow tumor cells to move into the surrounding tissue, where they enter blood or lymph vessels (Talmadge and Fidler, 2010; Wyckoff et al., 2000; Wyckoff et al., 2007) . Once in circulation, tumor cells are transported to a secondary site, where they can grow out to form metastatic foci or become dormant (Chambers et al., 2002; Chambers et al., 1995; Nguyen et al., 2009; Talmadge and Fidler, 2010) . For these colonization events to take place, tumor cells need to be able to respond to chemoattractants and growth factors, and survive in the new environment. The requirement for these traits might vary during tumor progression or among different tumor types, and the acquisition of these traits does not follow a particular order (Chiang and Massague, 2008; Nguyen et al., 2009) . It is worth noting that only a small fraction of the cells present in the primary tumor have the necessary characteristics to escape from the primary site and colonize a secondary site, which renders metastasis an inefficient process (Chambers et al., 2002) . To investigate these dynamic processes underlying metastasis, most studies rely on techniques that are only able to provide a static view, such as histochemistry, visual inspection of tumor size and end-stage measurements (e.g. the number of metastatic foci). In addition, these techniques analyze large numbers of cells, which obscures the signaling properties and activities of individual cells. This results in loss of crucial information concerning the adaptive properties of the few tumor cells that spread and form metastases.
Recent advances in optical methods have made it possible to visualize the metastatic process at a subcellular resolution in real time in vivo. By the 19th century, microscopes were being used to image tissue in living animals (e.g. Wagner, 1839) , a technique referred to as intravital microscopy (IVM). In these early days, most IVM studies could only examine the vasculature and the microcirculation, because the optics available at that time and lack of contrast limited the visualization of other tissues. In the 1950s, the visualization of metastasis was pioneered in a rabbit ear chamber (Wood, 1958) . Major breakthroughs in this field occurred in the 1990s, when intravital imaging techniques improved considerably and genetic tumor models of rodents that expressed fluorescent proteins (FPs) became available. Since then, IVM has evolved into an important tool for investigating the processes underlying cancer and metastasis (see IVM images in Fig. 1 ) (Chishima et al., 1997; Farina et al., 1998; MacDonald et al., 1992; Naumov et al., 1999) .
Recently, a number of new IVM techniques have become available with different properties in relation to imaging depth, resolution, timescale and applications (Table 1) [for an extensive review on in vivo optical microscopy methods, see Ntziachristos (Ntziachristos, 2010) ]. Techniques that are based on fluorescence microscopy provide (sub)cellular resolution and have successfully been used to image single cells in living organisms in their natural environment, such as in fruit flies, zebrafish, nematodes and small rodents (Fouquet et al., 2009; Ghosh and Hope, 2010; Le Dévédec et al., 2010; Stoletov et al., 2010) . In this Commentary, we will focus on high-resolution IVM techniques used in small rodents (rats and mice), as they are the most widely used model organisms to study cancer. We will describe the advances in high-resolution IVM techniques that have made it possible to directly visualize the various steps of metastasis at cellular resolution (see Fig. 1 ). We will also discuss the new insights into the process of tumor cell invasion that have been obtained with such IVM studies.
Advances in IVM

High-resolution IVM techniques
There are several high-resolution IVM techniques, including optical frequency domain imaging (OFDI), spinning disk confocal microscopy and multiphoton microscopy (Table 1) . In OFDI, an optical beam is focused into the tissue and reflected light is detected after interference with a reference beam. The amplitude and phase of the reflected signal as a function of time are then used to derive the optical scattering properties and thereby the tissue structure at different depths. OFDI has been used to study angiogenesis, lymphangiogenesis and tissue viability (Vakoc et al., 2009) . The advantage of this technique is that it enables the imaging of substantial volumes of tissue over prolonged periods without the need for contrast agents. At present, a number of mouse tumor models are available in which various FPs are expressed. For the imaging of tumors that express FPs, spinning disk confocal microscopy and multiphoton microscopy have been the IVM techniques of choice. In spinning disk confocal microscopy, visible light is used to excite FPs. Here, emitted out-of-focus light (outside the optical section) is eliminated by multiple pinholes, resulting in increased Z-resolution and contrast enhancement, which makes subcellular structures more easily visible. A spinning disk confocal microscope can acquire high-resolution images at high speed and low phototoxicity, therefore allowing the long-term intravital imaging of tumors (up to 30 hours) (Egeblad et al., 2008; Lohela and Werb, 2010) . The downside of spinning disk microscopy is that the visible light used for excitation is scattered in the tissue, which limits its imaging depth to 100 m. By contrast, the short pulses of infrared (IR) light used in multiphoton microscopy, with a typical wavelength range of 800-1000 nm, penetrate the tissue more than tenfold deeper compared with spinning disk microscopy (see Box 1) (Theer et al., 2003) . An additional advantage of IR excitation is its ability to create a second harmonic generation (SHG) signal from non-centrosymmetric structures with highly ordered repeats, such as collagen type I fibers, an extracellular matrix component (Campagnola et al., 2002) . In contrast to fluorescence microscopy, SHG does not involve the excitation of fluorophores and hence the signal does not suffer from photobleaching (for reviews, see Helmchen and Denk, 2005; Mohler et al., 2003; Zipfel et al., 2003b) . SHG microscopy has been used to study the role of fibrillar collagen in tissues and organs, including skin, gut and breast (e.g. Wolf et al., 2009) .
The combination of high-resolution acquisition of fluorescent tissues and deep tissue penetration has made multiphoton IVM the technique of choice for most research groups that exploit intravital imaging for tumor cell biology (for more details, see Box 1).
Advanced detection methods for simultaneous imaging of multiple cell types and molecules
Using multicolor IVM, different cell types and molecules can be visualized simultaneously, which has made it possible to study the interaction between different cell types and molecules in real time ( Fig. 2A) (Bajénoff et al., 2006; Boissonnas et al., 2007; Castellino et al., 2006; Egeblad et al., 2008; Egen et al., 2008; Farina et al., 1998; Goswami et al., 2005; Lohela and Werb, 2010; Massberg et al., 2007; Wyckoff et al., 2007) . Since the introduction of the green fluorescent protein (GFP) (Chalfie et al., 1994; Heim et al., 2005; Shimomura et al., 1962) and its color variants, cyan fluorescent protein (CFP), yellow fluorescent protein (YFP) and red fluorescent protein (RFP) (Giepmans et al., 2006) , together with the more recently discovered FPs [e.g. photoswitchable proteins (Piatkevich and Verkhusha, 2009 )], several cell types can now be genetically labeled and visualized in tumors using, for example, CFP and YFP (e.g. Sahai et al., 2005) . In addition, tumor cells labeled with an FP can also be imaged at the same time as cells that are labeled with fluorescent dyes [e.g. dextran-labeled macrophages (Fig. 2)] . A specific way to label immune cells (often lymphocytes) is to isolate them and load them with fluorescent tracker dyes before transferring them back into the recipient animal. The disadvantage to this approach is, however, that the fluorescently labeled cells will constitute only a small fraction of the population compared with their endogenous, non-labeled counterparts. A simple but functional approach to accomplish contrast between different cell types and tissues is intravenous or subcutaneous injection of cell-type-specific fluorescent antibodies or other targeted tracers [e.g. for lymphatics, see Alexander et al. (Alexander et al., 2008) and McElroy et al. (McElroy et al., 2008) ; for Gr1 + myeloid cells, see Egeblad et al. (Egeblad et al., 2008) ]. Nevertheless, it should be noted that these signals are short lived, whereas FP signals persist. However, a major disadvantage of FPs is the difficulty in translating their use into patients. A general problem with multicolor IVM is that the excitation (particularly in multiphoton excitation) and emission spectra of most FPs and dyes overlap, and some FPs and dyes can only be successfully distinguished when complicated algorithms are used (Jalink and van Rheenen, 2009 ). Alternatively, FPs and dyes can be discriminated based on their unique fluorescence lifetime (the average time an excited fluorophore is in its excited state), which can be measured with fluorescence lifetime imaging microscopy (FLIM) (see Box 2) (Bastiaens and Squire, 1999) . Using FLIM increases the number of different fluorophores and thus cells that can be imaged simultaneously.
In addition to discriminating spectral overlap between fluorophores, FLIM is also used to distinguish between the autofluorescence of various tissue types (see Box 2). Autofluorescence is the intrinsic property of cells to emit fluorescence upon excitation and is caused by its endogenous constituents, such as tryptophan, pyridinic coenzymes (i.e. NADPH), flavin coenzymes, melanin and elastin, which all have fluorescent properties [e.g. Monici and El-Gewely, 2005; Zipfel et al., 2003a] . Because most of the autofluorescent tissue Box 1. Multiphoton microscopy.
Multiphoton excitation is based on the (almost) simultaneous absorption of two low-energy IR photons, whose combined energies induce fluorescence in the visible range (see Figure, panel A). Simultaneous absorption of two photons by a fluorophore is an extremely rare event and multiphoton excitation therefore requires high excitation powers (i.e. a dense photon flux). IR lasers achieve this by condensing all photons over a time span of 12.5 ns into a 100 fs pulse (thus concentrating the photon density 1.25 ϫ 10 5 times). Although the overall power is low (i.e. low number of photons per second), the photon density per pulse is sufficiently high to cause efficient fluorophore excitation in the focal plane (see Figure, panel B). Beyond the focal plane, however, the photon density is too low for simultaneous absorption by a fluorophore to occur (see Figure, panel B) (Dunn and Young, 2006; Helmchen and Denk, 2005; Zipfel et al., 2003b) . Therefore, in contrast to confocal microscopy, excitation is strictly confined to the focal plane, thus avoiding the need for a pinhole to delete out-of-focus light (see Figure, panel B) . This greatly enhances the detection efficiency, as the in-focus emitted light can be detected close to the objective, without the need to travel back through the scanner optical path (with loss of tissuescattered emission at the pinhole and further losses at each filter) (Centonze and White, 1998) . Furthermore, deep tissue penetration, reduced excitation of surrounding tissue, increased detection and low-energy IR light give the additional advantage of low phototoxicity and low photobleaching (Eggeling et al., 2005) . components exhibit comparable excitation and emission spectra, the resulting fluorescence levels are similar and cannot be used to distinguish tissues. However, as the lifetime of autofluorescence differs between different cell types, autofluorescence lifetime measurements have successfully been used to distinguish healthy tissues from tumor tissues (Galletly et al., 2008; Provenzano et al., 2009 ).
Intravital imaging of proteins, proteases, signaling pathways and cellular processes in vivo
Imaging of molecular processes in living mice has been achieved by multiphoton IVM of FP fusion proteins and injectable dyes. High-resolution IVM of cells that express a fusion of FP with a receptor [e.g. ErbB2 (Dennis et al., 2007) ], an adhesion molecule [e.g. E-cadherin (Serrel et al., 2009) ], or an actin-or myosinbinding protein (Philippar et al., 2008; Wyckoff et al., 2006) has been used to study intracellular signaling in single tumor cells. In addition to FP fusion proteins, many biosensors that are based on measuring a change in fluorescent resonance energy transfer (FRET) (see Box 2) can be used to study intracellular signaling in vivo. The number of available biosensors is rapidly increasing, and specific FRET biosensors are already available to measure the levels of second messengers, protein-protein interactions or the activation status of proteins (e.g. Rho) [for a review on biosensors, see Morris (Morris, 2010) and VanEngelenburg and Palmer (VanEngelenburg and Palmer, 2008) ]. However, as the field of FRET biosensors is still an emerging area, only a few research groups have thus far used this powerful technique in vivo. For example, FRET biosensors have been used to measure the proteolytic activity of calpain in muscles (Stockholm et al., 2005) , changes in calcium concentration and myosin light-chain kinase activity in arteries (Zhang et al., 2010) , and the induction of apoptosis in the skin (Bins et al., 2007) , colorectal carcinomas and lymphomas (Breart et al., 2008; Keese et al., 2010) . In particular, the apoptosis sensor has been of interest for tumor biology, because tumor cells have to overcome many apoptotic signals during several steps of metastasis. The FRET apoptosis sensor consists of a CFP that is separated from a YFP by a caspase-3 recognition sequence (Fig. 2B ). Caspase-3 activity cleaves CFP from YFP, leading to a loss of FRET efficiency. Indeed, when we induced apoptosis in single keratinocytes in the skin of living mice, a caspase-3-mediated loss of FRET efficiency is observed, which shows that caspase-3 activity is a good gauge of apoptosis induction in vivo (Fig. 2C,D) (Bins et al., 2007) . Keese and colleagues used FRET IVM of this biosensor to study the induction of apoptosis resistance upon chemotherapy (Keese et al., 2007; Keese et al., 2010) . Moreover, Breart and colleagues used this biosensor to study apoptosis of tumor cells by cytotoxic T lymphocytes (CTLs) and showed that a CTL kills, on average, one tumor cell every 6 hours (Breart et al., 2008) .
Many synthetic fluorescent probes have been developed to study the intracellular and extracellular of activity of proteases such as matrix metalloproteinases (MMPs) and cathepsins in tumors. The injectable probes that have been used to measure protease activity in tumors include autoquenched protease substrates that fluoresce upon cleavage (Weissleder et al., 1999) , proteolytic beacons that lose FRET upon cleavage (e.g. McIntyre et al., 2010; Scherer et al., 2008) and fluorescently labeled activatable cell-penetrating peptides (ACCPs) that translocate into cells upon cleavage (Olson et al., 2009; Olson et al., 2010) . The disadvantage of these probes is that chemical knowledge is required to synthesize them, although recent commercialization of some of these probes has overcome this problem. It is also important to note that phagocytic cells, such as macrophages, might take up some of the probes despite not having any proteolytic activity, which complicates the interpretation of high-resolution IMV images. Nevertheless, IVM of fluorescently tagged proteins, and of genetic and synthetic fluorescent probes has become a great tool to visualize protein activity, signaling pathways and cellular processes during several steps of metastasis.
Long-term intravital imaging over several days
IVM has contributed to the visualization of the behavior of tumor cells in living mice. However, most IVM studies only monitor shortterm movement of cancer cells because they use tumor dissection, which effectively limits experimental observations to a few hours after surgery [typically around 4 hours and after optimization up to 24 hours (Egeblad et al., 2008) ]. Given the small number of tumor cells that display high motility and subsequently migrate and invade over periods that last up to days, long-term IVM techniques are needed to provide valuable information regarding these processes. By the 1990s, Lehr and co-workers had developed the dorsal skinfold chamber, which is surgically implanted on the back of a mouse, allowing multiple tumor-imaging sessions over several days (Alexander et al., 2008; Brown et al., 2001; Lehr et al., 1993) . Since then, orthotopic chambers (i.e. in their natural environment) have been developed, including the so-called 'mammary imaging window' (MIW) for mammary tumors that we developed (Fig. 3A,B ) (Gligorijevic et al., 2009; Kedrin et al., 2008; Shan et al., 2003) and the 'cranial imaging window' for brain tumors (Yuan et al., 1994) . These imaging windows have made it possible to visualize a number of metastatic processes over several days, including the formation of new blood vessels (Abdul-Karim et al., 2003; Farhadi et al., 2005; Fukumura et al., 2010) , tumor cell invasion and intravasation ( Fig.  3C ) (Kedrin et al., 2008) , and tumor cell colonization at a distant site (Kienast et al., 2010) .
Tracking of individual tumor cells over several imaging sessions
To enable long-term tracking of individual cells, reference points such as vascular and extracellular matrix (ECM) structures in healthy tissues have been used to enable retracing of the previously imaged area over several imaging sessions (Bins et al., 2007; Hayashi et al., 2007; Kimura et al., 2010; Perentes et al., 2009; Yamauchi et al., 2006; Yang et al., 2002) . However, when tumorigenic tissues are observed in which the topology changes dynamically, these initial reference points might change and cannot be used for retracing. To be able to track the dynamics of areas of interest, tumor cells have been photomarked using photoconvertable fluorophores, such as Kaede (Ando et al., 2002) and Dendra2 (Gurskaya et al., 2006) . These fluorophores have absorption and emission spectra that are significantly red shifted by violet light. For example, we have used this property of Dendra2 to mark regions of interest in a tumor over several days with single-cell precision (Fig. 3C ) (Gligorijevic et al., 2009; Kedrin et al., 2008) and were thus able to track a large population of cells over multiple imaging sessions. Taken together, we are now able to detect fluorescence at high resolution, deep inside living animals. By combining imaging chambers and photomarking of regions of interest in the tumor, single tumor cells can be tracked and visualized over several days. By using FRET IVM, dynamic changes in subcellular signaling events that are required for metastasis can be imaged over time, whereas multicolor IVM allows the visualization of cell-cell and cell-molecule interactions. These recent advances in intravital imaging open the field to new and exciting discoveries.
Important new insights into tumor cell biology
Recent IVM studies using the above-described techniques visualized how tumor cells exit the tumor and spread to a secondary site, generating new important insights into this process. For example, it is generally believed that cells at the tumor border have to invade the surrounding tissue, where they traverse physical barriers of the ECM and endothelial cells before they enter the circulation to be transported to a secondary site. Interestingly, IVM studies show a much more dynamic picture, in which cells switch between different invasion strategies to exit the primary tumor as a reaction to physical ECM barriers or intracellular signaling, as discussed below.
Advances in intravital microscopy
Box 2. Fluorescence lifetime imaging microscopy to distinguish spectrally overlapping fluorophores.
FLIM produces images that are based on the fluorescence lifetime of a fluorophore, rather than on its intensity and color (Gerritsen et al., 2009; Wouters et al., 2001) . A major advantage of the FLIM technology is that fluorophores that have overlapping emission spectra (see Figure, panel A) can be distinguished, a feature that is not possible with an intensity image. When fluorophores are excited with a femtosecond IR pulse, the fluorescence will decay exponentially with a rate that is determined by the fluorescence lifetime, which is close to zero for SHG (see Figure, panel B) and around 2 ns for Dendra2 (see Figure, panel  C) . In every pixel of a FLIM image, the fluorescence decay curve is measured and used to calculate the fluorescence lifetime. Many pixels of the image contain both fluorophores, and therefore will have an average lifetime that depends on the fraction of each fluorophore that is present in that pixel (see Figure, panel D) . A FLIM image can be visualized by color coding the fluorescence lifetime (see color bar next to the FLIM image). In the FLIM image, fluorophores with distinct fluorescence lifetimes, such as SHG and Dendra2, will be color coded differently and can therefore be distinguished. 
A B C D Hematogenous versus lymphatic tumor cell spread
Tumor cells can exit the primary site by entering either lymphatic vessels or blood vessels. Interestingly, IVM of lymphatic vessels, which drain labeled macromolecules, shows that lymphatic vessels inside hyperplastic lesions and the tumor mass are non-functional or even absent (Hagendoorn et al., 2006; Padera et al., 2002) . By contrast, regions at the tumor margin contain functional lymphatic vessels and thus might be the starting point for lymphatic metastasis (Padera et al., 2002) . Cells that metastasize through the lymphatic system will first be transported to the draining lymph node (Fig.  4A) . From there, the tumor cells flow through efferent lymphatic vessels to the heart and into the blood system and, consequently, are transported to distant sites where they can form metastatic foci (Fig. 4A) . Although the presence of tumor cells in regional lymph nodes is recognized as a prognostic factor for breast cancer and other cancers (Hartveit, 1979; Hartveit, 1984; Sleeman and Thiele, 2009; Tanis et al., 2001) , it remains elusive whether tumor cells metastasize from the lymph nodes or whether their presence in lymph nodes merely reflects their intrinsic invasiveness (Das and Skobe, 2008) . Therefore, it is unknown whether tumor cells use the lymphatic route, the hematogenous (blood) route, or indeed both, to metastasize to other organs. To address this question, IVM has been used to visualize the signaling pathways that are required for the entry of tumor cells into lymphatic or blood vessels (Farina et al., 1998; Giampieri et al., 2009; Hagendoorn et al., 2006; Hoffman, 2009; Kedrin et al., 2008; Wyckoff et al., 2007) . For this purpose, Gaimpieri and colleagues engineered MTLn3 mammary tumor cells to express Smad2 fused to GFP, which translocates to the nucleus in response to transforming growth factor  (TGF) (Giampieri et al., 2009 ), a well-studied inducer of tumor cell motility (Leivonen and Kähäri, 2007) . Using high-resolution IVM of MTLn3 mammary tumors, they showed that TGF signaling is active in cells that move as single units, but not in those that move cohesively as cell chains. (Giampieri et al., 2009; Giampieri et al., 2010) (Fig. 4A) . In addition, they showed that single moving cells enter the blood vessels, whereas collectively moving cells enter lymphatic vessels. As the motility of single cells entering the blood vessels is TGF dependent, blood entry, but not lymphatic entry, is blocked upon TGF inhibition (Giampieri et al., 2009) . Interestingly, the number of tumor cells drained from the heart, which corresponds to the added effects of hematogenous and lymphatic spread (see merging point in Fig. 4A ), also decreases upon inhibition of TGF signaling (Giampieri et al., 2009 ). This suggests that tumor cells in these tumor models use the hematogenous route to metastasize to other organs, as TGF signaling is only required for the entry of tumor cells into blood vessels.
These studies clearly illustrate that IVM of signaling pathways can provide crucial information regarding the spread of tumor cells, but future research is necessary to determine whether these observations are also true for other tumor models.
The role of proteolysis in invasion
The proteolytic activity of peptidases is important for several aspects of metastasis, including tumor growth, apoptosis, angiogenesis and invasion (Kessenbrock et al., 2010 peptidases, such as MMPs, include remodeling of the ECM and cleavage of numerous other substrates, such as growth-factorbinding proteins, cell adhesion molecules, receptor tyrosine kinases and other proteinases (Egeblad and Werb, 2002; Kessenbrock et al., 2010) . Many of these roles are thought to be crucial for tumor cells to be able to overcome the physical barriers of dense ECM layers when they invade surrounding tissues and enter the blood (Christofori, 2006; Rowe and Weiss, 2008; Tanjore and Kalluri, 2006) . These ECM layers include a three-dimensional fibrillar meshwork of interstitial tissues and the two-dimensional sheet of the basement membrane (BM), which underlies epithelial and endothelial tissues ( Fig. 1) (Kalluri, 2003; LeBleu et al., 2007; Rowe and Weiss, 2009 ). The BM is thought to act as a particularly effective physical barrier owing to its small pore size (~50 nm). However, it is not clear whether the breakdown of these ECM layers is always required for tumor cell invasion and intravasation. IVM experiments show that proteolytic activity supports the collective invasion of tumor cells (e.g. Friedl and Gilmour, 2009; Giampieri et al., 2009) . For example, cancer-associated fibroblasts have been found to remodel the interstitial ECM meshwork, through both peptidase-and force-mediated matrix remodeling. This forms tracks through the matrix, which enable tumor cells to collectively move into the surrounding tissue (Gaggioli et al., 2007; Giampieri et al., 2009) . Macrophages have been shown to assist in the entry of tumor cells into the circulation by producing chemokines and peptidases, leading to BM breakdown and tumor cell motility (Goswami et al., 2005; Wyckoff et al., 2007) . Alternatively, tumor cells might degrade the endothelial BM themselves. In vitro, many tumor cells can form actin-rich structures, the so-called invadopodia, which locally degrade the ECM (Poincloux et al., 2009; Stylli et al., 2008) . However, a corresponding function or even the very existence of such invadopodia in vivo has not yet been established. With the recent advances in high-resolution IVM techniques and protease probes, these questions might be answered soon.
Interestingly, using IVM, several laboratories have now established that ECM degradation is not always required for tumor cell invasion through dense ECM layers. For instance, Wolf et al. showed that, upon inhibition of MMPs, tumor cells can still invade connective collagen matrices by switching from a mysenchymal mode of migration to an amoeboid mode of migration (Wolf et al., 2003) . Both in vitro and in vivo experiments have shown that mysenchymal migration is characterized by secretion of proteases and an elongated polarized cell morphology, whereas amoeboid movement is characterized by a non-polarized flexible round morphology of the cell and does not require any proteolytic activity (Wolf et al., 2003; Wolf et al., 2007; Wyckoff et al., 2007; Sahai and Marshall, 2003) . The amoeboid mode of migration enables cells to squeeze through small gaps by forming bleb-like structures, thereby pushing these fibers out of the way without the requirement for proteolytic activity (Pinner and Sahai, 2008) , allowing them to migrate within mammary tumors with high velocity (Wyckoff et al., 2006; Wyckoff et al., 2007) . Although amoeboid movement does not depend on ECM layer breakdown, it might be facilitated by other peptidase-dependent processes, such as the activation of chemokines. Nevertheless, these data illustrate that a tumor cell can adapt its invasion strategy, that is, its mode of migration, to the surrounding microenvironment.
Invasion and intravasation within the tumor mass
In static histological samples, the tumor cells that are located in the surrounding tissue close to the invasive front of the tumor are identified as motile tumor cells. As the presence of these cells in the surrounding tissue correlates with poor prognosis, it is generally thought that tumor cells escape the tumor by invading the tumor stroma (Christofori, 2006; Rowe and Weiss, 2008; Tanjore and Kalluri, 2006) . However, the contribution of motile cells within the tumor mass, which also enter the vessels, has either not been studied or simply been overlooked, as the motility and intravasation . At the primary tumor site, tumor cells can enter the blood either directly (blue route) or through lymphatic vessels (purple route), which drain into the blood at a merging point located just before the heart (H), from where the blood is then transported into the lung. Using IVM of the invasive MTLn3 tumor model, it has been shown that cells move either as single cells, which leave the primary tumor using the hematogenous route, or as collective chains using the lymphatic route. (B)Inhibition of TFGsignaling leads to inhibition of invasion by single moving cells and a subsequent drop in the number of tumor cells in the heart, whereas the collective movement to lymphatic vessels remains unaltered. These experiments show that, in this invasive mammary carcinoma model, tumor cells use the hematogenous (blood) route to metastasize to other organs.
of this population of cells cannot be visualized in static histological images.
With the recent high-resolution IVM studies in mice, intratumoral motility and intravasation can now be directly visualized in real time (Fig. 5) (Farina et al., 1998; Giampieri et al., 2009; Kedrin et al., 2008; Wyckoff et al., 2000) . In an elegant study using multicolor spinning disk microscopy, Egeblad and co-workers showed that stromal cells and leukocytes (including T cells, dendritic cells, myeloid cells and fibroblasts) exhibit higher motility at the tumor stroma of mammary tumors than within the tumor mass (Egeblad et al., 2008; Lohela and Werb, 2010) . However, the motility of tumor cells has not been visualized in this study. The extent of intratumoral motility became clear when we tracked tumor cells through MIWs over long periods of time. By photomarking a subset of tumor cells, we observed intratumoral cell movement and entry into the vessels within the tumor mass (Fig. 3C) (Gligorijevic et al., 2009; Kedrin et al., 2008) . Importantly, in contrast to tumor cells present in the tumor stroma, invading and intravasating tumor cells within the tumor mass no longer encounter physical barriers, such as the dense epithelial and endothelial BMs. Vessels that are embedded within the tumor mass, referred to as tumor-associated vessels, are less organized and less solid compared with normal vasculature (Fukumura et al., 2010; Jain, 1988) . In fact, owing to the lack of an intact BM and irregularly organized endothelial cells and pericytes, these vessels have been shown to be leakier than vessels of healthy tissues (Baluk et al., 2003; Chang et al., 2000; Fukumura et al., 2010; Jain, 2003; Kessenbrock et al., 2010) .
Therefore, tumor-associated vessels within the tumor mass are more easily accessible to tumor cells, thereby alleviating the intravasation process (see cartoon in Fig. 5 ).
IVM also shows that, in addition to active entry of cells into tumor-associated blood vessels, tumor cells can also accidentally enter the blood stream when they are positioned close to a poorly structured tumor-associated vessel that collapses upon elevated interstitial fluid pressure caused by proliferating cancer cells. As a result of the collapse, big clumps of cells from the surrounding tissue shed into the lumen of the collapsed vessel and are transported through the vasculature (Baluk et al., 2003; Chang et al., 2000; Fukumura et al., 2010; Jain, 2003; Kessenbrock et al., 2010) .
Taken together, IVM has shown that both active and inactive entry of tumor cells into the vasculature occurs within the tumor mass, implying that tumor cell migration and intravasation do not only take place at the invasive front. Therefore, intratumoral motility and intravasation should be considered an important escape route for tumor cells. This idea also explains the observation that many patients who have metastatic outgrowth show no BM breakdown and therefore no invasion at the invasive front at the primary tumor site; this was initially explained by a resynthesis of removed BM (Dingemans, 1988) . Tumor cell migration and intravasation take place not only at the invasive front, but also deep within the tumor mass. The upper row of IVM images, in which the mouse invasive lobular carcinoma tumor cells are in green and the SHG signal is in purple, shows high motility within the tumor mass. The arrows point to the position of motile cells at time (t) zero (see also supplementary material Movie 3). The row of images below shows maximum projections of Z-stacks with a total depth of 50m. In the IVM images, green represents C26 colorectal tumor cells and purple represents SHG. This time series of the maximum projections shows the disappearance of a tumor cell, which is no longer present in the Z-stack because it enters a tumor-associated vessel and is transported out of sight by blood (see circle; supplementary material Movie 2). The cartoon shows a simplified model of leaky tumor-associated vessels within tumors, which lack an intact BM and through which tumor cells can enter the blood. Scale bars: 10m. metastatic process. So far, most of the advances have resulted in the ability to image the earlier steps of metastasis, including migration, invasion and intravasation. Only a small number of studies have attempted to image cells in organs that are prone to metastasis, such as the lungs (Kimura et al., 2010) , bone marrow (Sipkins et al., 2005) , lymph nodes (Mempel et al., 2004) and spleen (Grayson et al., 2001) . Unfortunately, these experiments rely on surgical dissection to expose the imaging site, which hampers long-term imaging and therefore the visualization of colonization and dormancy. The use of the cranial imaging window has overcome these problems for the brain (Kienast et al., 2010) and, to expand this advance to other organs, the next generation of imaging chambers should aim to visualize the spleen, liver and lymph nodes. IVM of colonization will help to answer many unresolved questions, such as why tumor cells colonize a specific organ without the formation of colonies in other organs, how long tumor cells stay dormant and what factors can reactivate them (e.g. angiogenesis, growth factors).
Conclusions and future perspectives
Although IVM has been successful in providing new insights into the early steps of metastasis, most studies are only observational. In the next few years, it will be important to move the field from observational IVM to experiments that can also characterize the underlying molecular processes. For example, new cancer models should be imaged that have been engineered to manipulate the behavior of cancer cells by inducible expression of oncogenes or signaling proteins (Le Dévédec et al., 2010) . Developments in photo-manipulation will further help the transition to experimentally driven studies, such as laser-induced release and activation of caged compounds (NPE-caged cAMP) or of transcription. Moreover, high-resolution and FRET IVM of biosensors are important tools to study molecular processes, such as cell-cell communication, intracellular signaling events and the gain of traits that are required for cells to metastasize. For example, a FRET probe for the proto-oncogenic tyrosine kinase Src (Ting et al., 2001 ) can be used to study the regulation of integrincytoskeleton interactions during cell motility, and a reactive oxygen species (ROS)-sensitive FRET probe that responds to hypoxia (Guzy et al., 2005) might be important for studying the influence of the tumor microenvironment during escape and colonization. Unfortunately, most FRET biosensors have a low signal-to-noise ratio and are not sensitive enough to be used in IVM experiments. Biosensor development is an expanding field, and the nextgeneration probes should aim to increase the signal-to-noise ratio and to probe for proteolytic activity, proliferation, adhesion and senescence.
Given the increasing number of genetically engineered tumor cell lines and fluorescent reporter mice, the transcriptional and differentiation state of cells that metastasize can also be studied by IVM. For example, Pinner and colleagues engineered melanoma tumor cells to express GFP driven by the Brn-2 promoter, and showed that melanoma cells can switch from a less differentiated state to a differentiated state when these cells exit the primary tumor and enter the secondary site (Pinner and Sahai, 2008) . These types of IVM experiments will be able to answer long-standing questions in the field, such as whether cells can transiently switch from an epithelial to a mesenchymal phenotype (EMT) during metastasis, or whether the metastasizing tumor cells have a stem cell phenotype.
As discussed in this Commentary, IVM is an important tool to gain knowledge of tumor cell dynamics during metastasis, which will enable the development of more powerful strategies for treatment of human cancer. Although xenograft cancer models in immune-deficient mice have been used extensively for IVM, these are end-stage tumors that do not recapitulate the natural development and morphology of common human cancers (e.g. Cardiff et al., 2000) . More importantly, they lack particular interactions with the microenvironment, which contains key players, such as T cells, that influence tumor development and metastasis (Condeelis and Pollard, 2006; de Visser and Coussens, 2006; DeNardo et al., 2009; Orimo and Weinberg, 2006) . Novel cancer models have recently been developed and result in mice that have a spectrum of tumors, which strongly resembles human tumor development and progression in the breast (Derksen et al., 2006; Jonkers et al., 2001; Olive et al., 2004; Xu et al., 2001) , pancreas (Hingorani et al., 2003) , lung (Jongsma et al., 2008; Meuwissen et al., 2003 ) and brain (Llaguno et al., 2008; Xiao et al., 2002) . Even though the incorporation of fluorophores will be technically challenging, these models will undoubtedly advance the translational aspects of future intravital imaging experiments. Supplementary material available online at http://jcs.biologists.org/cgi/content/full/124/3/299/DC1
